Lithium has been electrochemically intercalated from a 1:2 (v/v) mixed solution of ethylene carbonate (EC) and methylethyl carbonate (MEC) containing 1 M LiClO 4 into graphite, and the lithium isotope fractionation accompanying the intercalation was observed. The lighter isotope was preferentially fractionated into graphite. The single-stage lithium isotope separation factor ranged from 1.007 to 1.025 at 25 • C and depended little on the mole ratio of lithium to carbon of the lithium-graphite intercalation compounds (Li-GIC) formed. The separation factor inceased with the relative content of lithium. This dependence seems consistent with the existence of an equilibrium isotope effect between the solvated lithium ion in the EC/MEC electrolyte solution and the lithium in graphite, and with the formation of a solid electrolyte interfaces on graphite at the early stage of intercalation.
Introduction
Graphite forms various graphite intercalation compounds (GICs), which are layered compounds, by taking up materials such as alkali metals, halogens and metal halides between its graphene layers [1, 2] . A characteristic property of GICs is the staging phenomenon, the staged structure being given in terms of the stage index that denotes the number of graphene layers between adjacent intercalate layers [3] . Lithium can be intercalated chemically and electrochemically into graphite to form Li-GICs. Four different staged structures of Li-GICs are known, the maximum amount of intercalated lithium corresponding to LiC 6 .
Charge-discharge reactions of lithium ion secondary batteries are used as energy sources of various portable electronic devices [3, 4] . A typical lithium ion secondary battery is composed of an anode made of a lithium oxide-based compound such as LiCoO 2 , a graphite cathode and an organic electrolyte containing a lithium salt. It is charged and discharged by intercalating and deintercalating lithium ions, and a battery voltage of 3 to 4 V is achieved. The chemical reaction occurring is in principle the redox reaction of lithium between Li 0 and Li + . Tin compounds are studied as substitutes of graphite due to their large capacity for lithium [5] .
0932-0784 / 03 / 0500-0306 $ 06.00 c 2003 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com On the other hand, the isotopes of lithium have important applications in nuclear science and industry. The largest demand for the isolated or enriched lighter isotope, 6 Li, will be in DT fusion power reactors where lithium compounds rich in 6 Li will be required for the tritium breeder blanket: 6 Li + n → T + 4 He. Various methods of lithium isotope separation have been developed. They include amalgam [6 -8] , ion exchange [9, 10] , crown ether-cryptand [11] and electromigration [12] methods. Among them, the only method that was applied for a large-scale lithium isotope separation is the amalgam method. In this method, lithium is distributed between the amalgam phase and an aqueous or organic electrolyte phase, the lithium isotope separation is being based on the equation 7 Li(Hg)+ 6 Li(SOL)
The oxidation state of lithium is formally 0 in the amalgam and +1 in the solution. Thus the lithium isotope effects of (1) are based on the redox reaction of lithium. The reported value of the equilibrium constant of (1) is 1.049 ∼ 1.062 [7] , larger than those reported for ion exchange and crown-ether systems, where no change of the oxidation state of lithium occurs. Although the large lithium isotope effect accompanying the redox reaction of lithium is attractive, the use of toxic mercury makes the amalgam method difficult to be applied to large-scale lithium isotope enrichment in the future. Thus, it seems important to seek material that is not toxic and can still be used for lithium isotope separation utilizing the redox reaction. In this context we paid attention to graphite. As mentioned above, the reaction occurring at the graphite electrode of a lithium ion secondary battery is basically the redox reaction of lithium. Consequently, if the lithium isotope effect accompanying such a reaction is large, charge-discharge of lithium ion secondary batteries may be applied to the lithium isotope separation in a practical sense.
We carried out experiments in which lithium was electrochemically intercalated into graphite from an organic lithium ion-bearing electrolyte solution and observed lithium isotope effects accompanying the intercalation. This paper reports the results of such experiments.
Experimental

Graphite and Reagents
Graphite flakes with grain sizes of less than 180 µm were used as host material. Lithium foils, 1 mm thick and with a purity of 99.8%, were purchased from Honjo Metals Co. Ltd. A 1:2 v/v mixed solution of ethylene carbonate (EC) and methylethyl carbonate (MEC) containing 1 M LiClO 4 , (LIPASTE-E2MEC/1), used as organic electrolyte solution, was purchased from Tomiyama Pure Chemical Industries Ltd. An N-methylpyrrolidone (82 wt%) solution of polyvinylidene fluoride (18 wt%) (Kureha Chemical Industry Co., Ltd., KF polymer-L #1120) was used as a gluing agent. 50 µm copper foils, manufactured by Furukawa Electric Co., Ltd., were used as basal plates of the graphite electrodes. The other reagents were of analytical grade and were used without further purification except hexane, which was used after dehydration with molecular sieves.
Electrochemical Intercalation of Lithium into Graphite
The experimental apparatus used, schematically drawn in Fig. 1 , is basically the same as the one used in the experiments in which lithium was electrochemically inserted into tin metal [13] . It was composed of a power supply (a Hokuto Denko Corporation HJ-201B battery charge / discharge unit), a three-electrode electrochemical cell (electrolytic cell) and a data ac- Fig. 1 . The experimental apparatus. 1, data acquisition unit; 2, power supply; 3, lithium reference electrode; 4, lithium anode; 5, graphite cathode; 6, electrolyte solution; 7, stirrer tip; 8, electrolytic cell. Fig. 2 . A SEM photo of the surface of a graphite electrode. quisition unit consisting of an A/D converter and a personal computer. Lithium foils of about 7 mm × 7 mm size, attached to stainless steel meshes by pressing, were used as anode and reference electrode. The graphite cathode was made as follows: Graphite flakes and the N-methylpyrrolidone solution with weight ratios of 4:1 to 2:1 were first mixed to obtain a homogeneous graphite paste. This paste was daubed manually on a copper foil as uniformly as possible. The copper foil with the paste on it was heated at 120 • C for 20 min to remove the N-methylpyrrolidone component of the paste and finally to obtain a cathode of graphite laminated on a copper foil. A SEM photo of the surface of a graphite cathode is shown in Figure 2 . The size of the laminated graphite cathode was about 1.6 cm × 1.6 cm × 100 µm. The electrolytic cell was build up in a dry argon atmosphere. The volume of the electrolyte solution was about 30 cm 3 and the cathode was placed so that the laminated graphite was wholly immersed in the electrolyte.
The lithium intercalation was performed in the constant current-constant voltage mode. That is, the electrolysis (lithium intercalation) was at first carried out in a constant current mode (3 mA). As the electrolysis proceeded, the electric potential of the cathode against the lithium reference electrode (cathode potential), which was at first around 3.1 V, quite swiftly decreased and reached the pre-determined value set at 0.02 to 0.15 V. The electrolytic mode was then automatically changed to the constant voltage mode; the electrolysis was continued and the electric current gradually decreased while keeping the cathode potential constant at the predetermined value. The electrolysis continued until the integrated quantity of electricity reached the predetermined value of 6 to 55 C and was discontinued manually. During the electrolysis, the temperature of the electrolytic cell was kept at 25 • C and the electrolyte solution was stirred by a magnetic stirrer.
Analyses
After the electrolysis was finished, the graphite cathode was taken out of the cell in a dry argon atmosphere, washed thoroughly with dehydrated hexane and was allowed to stand for a day to remove adhering hexane by evaporation. The Li-GIC formed on the copper foil of the cathode was stoichiometrically recovered from the foil and heated in an aluminum crucible placed in an electric furnace at 800 • C for 10 hours to convert the chemical form of the intercalated lithium into lithium oxide. This lithium oxide was dissolved with 2 M HCl to obtain a lithium chloride solution. Part of the solution was used for the determination of the amount of the intercalated lithium by measuring the lithium concentration of the solution with a Dainiseikosha SAS727 atomic absorption spectrometer operated in the flame photometric mode. The remainder of the solution was used for the lithium isotope analysis. Details of 7 Li/ 6 Li isotopic ratio measurements were described in [9] . A part of the electrolyte solution after the electrolysis was also heated in the electric furnace at 800 • C for 10 hours, and the resultant lithium oxide underwent the same treatment as the lithium oxide from the Li-GIC to determine the lithium isotopic ratio. The separation factor, S, defined as S = ( 7 Li/ 6 Li) electrolyte /( 7 Li/ 6 Li) graphite was then calculated. By definition, S is larger than unity when the lighter isotope is preferentially fractionated into the graphite phase. Fig. 3 . An example of the cathode potential and the electric current changes as functions of the intercalation time. Fig. 4 . Plot of the average electric current against the predetermined cathode potential.
Results and Discussion
Experimental conditions and results are summarized in Table 1 . The amount of graphite flakes used for the graphite cathodes ranged from 1.43 to 4.41 mmol. The integrated quantity of electricity was varied from 6.1 to 54.5 C, and the chemical formula of the formed Li-GICs calculated from the integrated quantities of electricity and the amount of graphite flakes loaded on the copper foils was from Li 0.029 C to Li 0. 16 C. An example of the changes of the cathode potential and the electric current during an electrolytic course (Run LC2-3) is shown in Figure 3 . The cathode potential swiftly decreased at the very beginning of the electrolysis, reached the predetermined value (0.02 V in this case) and was kept constant thereafter. The electric current was kept constant (3 mA) until the cathode potential reached the predetermined value, and then it started decreasing. The rate of the decrease in electric current was large at first and gradually became small. The intercalation time ranged from 3.75 to 35 hours. It was observed that, as the electrolysis proceeded, the color of graphite changed from black to gold, showing the formation of the stage-1 Li-GIC [2] . The chemical reaction occurring may be expressed as
and the maximum achievable value of m is 0.17. In many runs, the gold color disappeared after the electrolysis, most probably due to the diffusion of intercalated lithium atoms within graphite and/or to edge surfaces. In Fig. 4 , the mean electric current is plotted against the predetermined cathode potential. As expected from the fact that the low predetermined cathode potential corresponds to a large potential drop during the electrolysis, the mean electric current is in general higher for the lower predetermined cathode potential. That is, the low predetermined cathode potential corresponded to the high electric current (the high electric current density) and consequently to the fast reaction rate of (2).
In Fig. 5 , the current efficiency (%), 100 times the ratio of the amount of intercalated lithium determined by the chemical analysis of the Li-GIC formed to that from the integrated quantity of electricity and the amount of graphite flakes used for the cathode, is plotted against the integrated quantity of electricity. It seems independent of the integrated quantity of electricity, although the data are scattered substantially, ranging from 60 to 120%. The reason for a current efficiency of more than 100% is not very clear; it must be due in part to experimental errors and/or may be due to insufficient washing of the cathode with hexane. The current efficiency below 100% indicates, in addition to experimental errors, the existence of some side reactions other than (2), such as the reduction of EC molecules of the electrolyte solution [14] : 2Li + + 2EC + 2e − → LiOCO 2 CH 2 CH 2 OCO 2 Li + C 2 H 4 . In fact, evolution of gas on the cathode surface was recognized during the electrolysis, especially at the early stage of the electrolysis where both the cathode potential and the electric current were high. If the reaction product, LiOCO 2 CH 2 CH 2 OCO 2 Li, remained in the electrolyte without adhering to the graphite electrode surface, it would lead to a decrease in current efficiency. 
Lithium Isotope Effects
The separation factor data are listed in the last column of Table 1 . All the S values are larger than unity, ranging from 1.007 to 1.025, which shows that the lighter isotope was preferentially intercalated into graphite in every experiment. However, the maximum S value of 1.025 is much smaller than those of the amalgam method [7] .
The S value is plotted against m in Li m C determined by the chemical analysis in Figure 6 . A shallow correlation is observed between S and m, indicating that the Li-GIC with the larger Li content shows the larger lithium isotope effect, although the degree of data scattering is substantial.
Intercalation of lithium into graphite may be divided into four processes; (i) diffusion of solvated lithium ions in the electrolyte solution to edge surfaces of graphite, (ii) desolvation of solvated lithium ions at edge surfaces, (iii) intercalation of lithium ions between graphene layers (reduction of lithium ions to neutral lithium atoms), and (iv) diffusion of intercalated lithium atoms within graphite. The isotopic composition of the intercalated lithium cannot be changed by diffusion within graphite. Process (iv) does thus not contribute to the lithium isotope effects observed in the present work. Process (i) is the process in which solvated lithium ions diffuse in the bulk electrolyte solution and the lighter isotope may faster. Okamoto and Kakihana [15] reported that an S value of 1.008 was observed in the electromigration of lithium ions in a cation exchange membrane and could be explained by the migration of the hydrated lithium ions, Li + (H 2 O) n with n being around 3. That is, S is given by the square root of the ratio of the mass of the hydrated heavier isotopic ion to that of the hydrated lighter isotopic ion. This type of isotope effect may exist in process (i). Lithium ions are selectively coordinated by EC molecules in the EC/MEC mixed solution and the solvation number of the lithium ion is four in the primary solvation sphere [16, 17] . The separation factor, S dif , expected for the diffusion process of Li + (EC) 4 in the electrolyte is then estimated to be 1.0014, much smaller than the S values observed in this work. It must become even smaller if secondary and higherorder solvation spheres are also taken into consideration. Thus, diffusion of the solvated lithium ion in the electrolyte solution towards edge surfaces of graphite is expected to contribute only slightly, if at all, to the observed lithium isotope effects.
The equilibrium lithium isotope effects in processes (ii) and (iii) may be expressed as 6 Li + (SOL) + 7 Li + (SURFACE) (3-1)
and 6 Li
respectively. In (3-1) and (3-2), Li + (SOL) denotes the solvated lithium, Li + (SURFACE) the desolvated lithium ion at edge surfaces and Li m C the lithium atom in the Li-GIC. As mentioned above, Li + (SOL) is most probably Li + (EC) 4 if selective solvation of EC occurs and only the solvation in the primary solvation sphere is considered. The isotope effect in (3-1) is the one accompanying solvation of the lithium ion (or desolvation of the solvated lithium ion), and that in (3-2) the one accompanying the reduction of the lithium ion to neutral lithium and the bond formation between a lithium atom and carbon atoms within graphite. The combination of (3-1) and (3-2) gives 6 Li
Equation represents the lithium isotope exchange reaction between the EC/MEC mixed electrolyte solution phase and the graphite phase. Assuming that the obtained separation factors are based on equilibrium isotope effects, the experimental results show that the equilibrium constant, K, of (3-3) is larger than unity, although the equilibrium constants of its constituent reactions (3-1) and (3-2) cannot be individually known. Based on the theory of isotope effects by Bigeleisen and Mayer [18] , K of is the ratio of the reduced partition function ratios (RPFRs), (s/s ) f , of the chemical species, Li + (SOL) and Li m C, as,
where ( [19] demonstrated that the vibrational analysis based on the molecular orbital (MO) theory was effective for such systems where no experimental molecular vibrational frequency is available. MO calculations on lithium species modeling those in the EC/MEC electrolyte and Li-GICs are in progress, and part of calculations has already been published [17] . In a previous paper on chemical insertion of lithium into graphite [20] , it was observed that S is independent of m in Li m C between 0.065 and 0.17. The present results show that S is shallowly dependent on m in the range m = 0.032 to 0.14. If the observed S is solely based on the equilibrium isotope effect of , it should be independent of m. The present results thus indicated that some other effect is involved. The most plausible effect is the formation of surface films on the graphite electrodes. It is generally accepted that stable surface films are formed on graphite electrodes in the EC-based solutions upon the first charging, and thereby the carbon surface is passivated [3] . The film, often called "solid electrolyte interface (SEI)" [21] , has lithium-ion conductivity but does not show electronic conductivity. The film, once formed, suppresses further solvent decomposition, but through this film lithium ions can be intercalated within graphite. According to Ogumi and Inaba [3] , solvated lithium ions are intercalated between graphene layers, and this stable passivating layer (i. e., SEI) is formed by accumulation of decomposition products of the solvated lithium ions and by rupturing of the graphene layers. This kind of film may also be formed at the early stage of each experiment in this work. The RPFR of this film is expected to be close to that of the solvated lithium ion in the EC/MEC electrolyte solution because lithium in the film is derived from the lithium ion in the electrolyte without accompaniment of equilibrium isotope effects and, as mentioned before, the kinetic isotope effect upon transportation of solvated lithium ions in the electrolyte to the edge surfaces of graphite is, if any, small.
The dependence of S on m in Li m C is consistent with the formation of SEIs at the early stage of the electrolysis and the equilibrium isotope effect . At the early stage of the electrolysis in each experiment, the solvated lithium ions are intercalated in graphite, leading to the formation of SEIs. The amount of the lithium ion taken up by graphite and used for the formation of SEIs at that time may differ from experiment to experiment. The chemical analysis recognizes the lithium ions in SEIs as belonging to the graphite phase, but from the viewpoint of isotope effects, they contribute little to the separation factor. Once the film is formed, solvated lithium ions are desolvated and taken up by graphite through this film. In this process, the equilibrium isotope effect (3-3) is expected. With increasing m, the amount of lithium taken up after desolvation increases, which leads to the increase of S.
The formation of SEI may also explain the relatively large degree of S data scattering; If the amount of lithium ions participating in the formation of SEI differs substantially from experiment to experiment, probably mostly depending on the conditions of graphite electrodes, it necessarily contributes to S by different degrees. In the present work, graphite flakes with grain sizes up to 180 µm are used. With such graphite, it is difficult to produce equivalent electrodes at the microscopic level. Graphite powders with much small grain sizes may reduce scattering of S values.
Kinetic lithium isotope effects may also occur in the processes (ii) and (iii). However, they do not seem to be able to explain the dependence of S on m in Li m C in Fig. 6 ; the m dependence of S can be explained qualitatively by the equilibrium isotope effect of and the formation of SEIs without resorting to kinetic isotope effects.
Conclusion
Lithium isotope effects accompanying electrochemical intercalation of lithium from EC/MEC mixed solutions containing lithium perchlorate into graphite were experimentally observed at 25 • C. The lighter isotope was preferentially taken up by graphite in all experiments. The value of the single-stage separation factor ranged from 1.007 to 1.025 and was slightly dependent on m in Li m C. This dependence seems consistent with the existence of an equilibrium isotope effect between the solvated lithium ion in the electrolyte solu-tion and the lithium in graphite and with the formation of a solid electrolyte interface at the early stage of the electrolysis.
